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ABSTRACT 
 Coral reefs are in a global state of decline due to coral bleaching, which is a state 
of dysbiosis between the coral host and its algal endosymbionts that can bring about a 
nutritional crisis potentially leading to mass mortality. In this study, I used a temperate 
coral, Astrangia poculata, to determine the effects of symbiotic state and trophic status on 
nitrogen acquisition. The facultatively heterotrophic nature of A. poculata allows for the 
decoupled analysis of host and symbiont without the induced stress of a dysbiotic event. In 
this study, I used δ15N labeled DIN to track the assimilation and translocation of 
ammonium and nitrate by fed and starved colonies of both symbiotic and aposymbiotic A. 
poculata. I also analyzed tissue samples for δ13C, %N, %C, and C:N. Using photosynthetic 
efficiency as a proxy, I analyzed changes in symbiont health before and after being treated 
with DIN. Stable isotope analysis suggested that corals acquire more of their nitrogen from 
DIN than from heterotrophy, that their symbiotic algae, Breviolum psygmophilum, are 
responsible for a greater amount of DIN assimilation than the host, and that ammonium is 
viii 
more readily assimilated than nitrate. Protein analysis was inconclusive in determining any 
potential advantages to symbiotic state. Photosynthetic efficiency analysis suggested that 
ammonium boosts symbiont activity and nitrate may adversely affect symbionts. Overall, 
both symbiotic state and nutritional condition influenced holobiont health, and symbionts 
were found to be the driving force behind nitrogen acquisition. These results suggest that 
dysbiosis not only inhibits corals’ mixotrophic strategy of nutrient acquisition but suggests 
that symbiosis has advantages across nitrogen acquisition pathways that are augmented by 
feeding. As such, starved, aposymbiotic corals suffer from energetic double jeopardy, and 
having either feeding or symbiosis alone does not fully equivocate to the energetic 
advantage of both.  
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GLOSSARY 
 
Assimilation: A cellular enzymatic process of absorbing DIN from the environment and 
converting it into amino acids. 
Autotroph: An organism that can fix inorganic carbon (CO2) into an organic form.  
Dysbiosis: The uncoupling of symbiotic partners. 
Fv/Fm - A ratio of change in fluorescence. Fv represents the change in fluorescence 
before (Fo) and after (Fm) a pulse of light. Fv/Fm is the change in fluorescence 
divided by the final fluorescence and is used as a proxy for measuring photosynthetic 
efficiency. 
Heterotroph: An organism that acquires its carbon from organic materials (i.e., food).  
Holobiont: A group of organisms that function as a single ecological unit.  
Mixotroph: An organism that employs both heterotrophic and autotrophic strategies.  
Nitrification: The bacterially driven process of oxidizing ammonium (NH4+) to nitrite 
(NO2-) and then to nitrate (NO3-).  
Nitrogen Fixation: The biological conversion of atmospheric di-nitrogen into ammonium 
(NH4+). This process is carried out by microorganisms called diazotrophs.  
Nutritional Condition: The feed state of each coral; fed, starved, or fed tagged shrimp.  
Pairs: Two corals (one symbiotic and one aposymbiotic) that were grouped together due 
to morphological similarity in polyp size, density, and inter-polyp space. Pairs were 
distributed within tagged feeding treatments to reduce bias.  
Photosynthesis: The process by which an organism uses energy from sunlight in order to 
fix inorganic carbon (CO2).  
Quads: Four corals (two symbiotic and two aposymbiotic) that were grouped together due 
to morphological similarity in polyp size, density, and inter-polyp space. Quads were 
distributed within treatments across nutritional conditions and symbiotic states to 
reduce bias.  
Quiescence: Biological inactivity due to unfavorable conditions (i.e., starvation, low 
temperatures).  
Scleractinian corals: Corals that form a hard calcium carbonate skeleton.  
Symbiosis: A biological relationship between two or more organisms.  
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Facultative symbiosis: A symbiotic partnership between that, while potentially 
beneficial, is not mandatory for the health of the symbiotic partners. 
Mutualism: Symbiosis that is beneficial to all associated organisms.  
Obligate symbiosis: A symbiotic partnership that is necessary for the health of all 
symbiotic partners.  
Parasitism: Symbiosis in which one organism benefits to the detriment of another.  
Symbiotic State:  
Aposymbiotic: Corals that appear white due to their lack of symbionts.  
Mixed: Corals that have both symbiotic and aposymbiotic polyps within the same 
colony.  
Symbiotic: Corals that appear brown due to the presence of symbionts.  
Treatment: The type of dissolved inorganic nitrogen that each coral was exposed to; 
either ammonium, nitrate, or none (negative control).  
Trial: One full run of the experiment. Five trials were conducted; one per week over a 
five-week period. 
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INTRODUCTION 
 A key issue in symbiosis ecology is investigating the trophodynamics between host 
and symbiont to distinguish how each partner contributes to the energetic needs of the 
other, and to determine whether and where tradeoffs exist if both partners cannot satisfy 
their nutritional needs. Mixotrophy is especially common among symbiotic marine 
organisms, prevalent in plankton (Terrado et al. 2017, Mitra et al. 2016, Ward and Follows 
2016), as well as a large suite of invertebrate taxa including poriferans (Cheshire and 
Wilkinson 1991, Rützler 1990, Beer and Ilan 1998a), cnidarians (Verde and McCloskey 
1996, Yellowlees et al. 1994, Sachs and Wilcox 2005), and mollusks (Kempf 1984, Leggat 
et al. 2003, Rumpho et al. 2000).  For most marine organisms, mixotrophy represents the 
presence of a mutualism between host and symbiont, thus enabling multimodal nutrient 
acquisition in different environmental contexts (Rohwer et al. 2002, Lesser et al. 2004, 
Wegley et al. 2007). When these symbioses break down, classic mutualisms suffer and 
often result in dysbiosis, which can lead to mortality in both symbiotic partners (Iglesias-
Prieto et al. 1992, Kroeker et al. 2010, Huertas et al. 2011). This is commonly observed in 
cnidarians, most typically in reef-building scleractinian corals that are bleaching on a 
global scale due to rising seawater temperatures and other consequences of global change 
(Hoegh-Guldberg 1999, Gates et al. 1992). 
 Coral symbioses are predicated on the need for mutual nutrient acquisition and 
translocation between partners (Muscatine and Porter 1977, Tremblay et al. 2012, 2014). 
When dysbiosis occurs, coral hosts become stressed, and enter into a presumed period of 
starvation while they are not effectively receiving the necessary autotrophic energy 
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provided by symbiosis (Hoegh-Guldberg 1999). As such, in some cases, symbiotic hosts 
either draw upon nutrient reserves (Fitt et al. 1993, Schoepf et al. 2015, Levas et al. 2018), 
or shift to heterotrophy during periods of stress (Palardy et al. 2005, Grottoli et al. 2006, 
Palardy et al. 2008, reviewed by Houlbrèque and Ferrier-Pagès 2009). However, these 
triage behaviors are not sustainable long-term (Grottoli et al. 2006), since most tropical 
corals have an obligate relationship with their symbionts where they are dependent on 
symbiont enzymatic nutrient assimilation to meet their nutritional needs (Bednarz et al. 
2017). Indeed, most tropical corals acquire up to 95% of their energy needs from 
transferred photosynthates (Muscatine et al. 1984, Davies 1991, McCloskey and Muscatine 
1984, Davy et al. 1996, Alamaru et al. 2009).  
 Nitrogen is one of the most important nutrients for tissue growth and, like all living 
organisms, corals need nitrogen for DNA and protein synthesis (Raymond et al. 2004, 
Wang and Douglas 1999). Yet, nitrogen is often the limiting nutrient in marine ecosystems 
(Vitousek and Howarth 1991). Nitrogen fixation plays an important biological role by 
making inorganic nitrogen available for metabolic use. Nitrogen fixation occurs when 
atmospheric di-nitrogen (N2) is converted by diazotrophs into ammonia/ammonium 
(NH3/NH4+) (Scanlan and Post 2008, Simpson and Burris 1984). NH4+ can then undergo 
the microbially-driven process of nitrification, which oxidizes NH4+ to nitrite (NO2-) and 
then to nitrate (NO3-) (Fig. 1). NH4+, NO2-, and NO3- are all forms of dissolved inorganic 
nitrogen (DIN) (Ward et al. 2007, Capone et al. 2008), which are biologically usable by 
corals. DIN is assimilated via the glutamine synthetase/glutamine:2 oxoglutarate 
aminotransferase cycle, an enzymatic cycle that is commonly thought to be present in both 
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the coral and the symbiont (Yellowlees et al. 1994, 2008, Catmull et al. 1987, Wang and 
Douglas, 1999, Pernice et al. 2012). More generally, corals can obtain nitrogen either 
heterotrophically, or via enzymatically assimilated DIN (Domotor and D’elia 1984, 
Wilkerson and Muscatine 1984, Bednarz et al. 2017). 
 Most evidence suggests that NH4+ is the preferred DIN source for both coral host 
and algal symbiont, and that symbionts have a greater capability for assimilating DIN than 
corals (Grover et al 2002, 2003, Pernice et al 2012, Kopp et al 2013, Tanaka et al 2015). 
Additionally, symbionts have shown varying levels of efficiency in nitrogen transportation 
and translocation (Aranda et al. 2016). However, due to the species-specific nature of 
coral/symbiont ecology (Biquand et al., 2017, Ezzat et al. 2016) there is no single 
consensus on what type of nitrogen symbiotic corals prefer. Furthermore, when coral 
dysbiosis occurs, it is unclear what nitrogen acquisition pathways remain viable to buffer 
against starvation and mortality while “waiting” for environmental conditions to 
normalize. Therefore, a key open question in symbiont ecology is what are the pathways 
for nitrogen uptake by both heterotrophic and autotrophic acquisition? Yet, this question 
cannot be comprehensively addressed in obligately symbiotic systems because they are in 
a de facto non-normal state when each pathway is isolated (dysbiosis). Facultatively 
symbiotic systems can offer unique opportunities to probe the nature of nutrient acquisition 
by both autotrophic and heterotrophic pathways independently, in a non-stressed state. 
 One such system is Astrangia poculata - a temperate, facultatively symbiotic coral 
found in three distinct morphologies: symbiotic (brown), aposymbiotic (white), and mixed 
(brown and white polyps within a single colony). It facultatively associates with the 
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endosymbiotic dinoflagellate Breviolum psygmophilum, formerly genus Symbiodinium, 
Clade B2 (LaJeunesse et al. 2012, 2018).  Aposymbiotic A. poculata has a small population 
of B. psygmophilum, between 104 and 106 cells/cm2, in its tissue, but appears white in color 
and is almost exclusively heterotrophic (Sharp et al. 2017). Symbiotic A. poculata is also 
primarily heterotrophic (Szmant-Froelich and Pilson 1984) but appears brown in color and 
derives some of its energy, representing up to 23% growth, from B. psygmophilum 
(Szmant-Froelich 1981, Dimond and Carrington 2007).   
 B. psygmophilum is impacted by seasonal variations in light and temperature, 
demonstrating high activity in the summer and less photosynthetic activity (chlorophyll-a) 
in the winter (Dimond and Carrington 2007, 2008, Thornhill et al. 2008, LaJeunesse et al. 
2012, Dimond et al. 2013, Burmester et al. 2017). Seasonal differences are also known to 
drive microbiome patterns in A. poculata (Sharp et al. 2017). Winter may cause a metabolic 
shutdown in A. poculata, termed “winter quiescence”, characterized by a lack of tentacular 
extension and activity (Grace 2017).  Taken together, this body of evidence suggests that 
A. poculata tolerates winter by changing its metabolic strategy, and more recent evidence 
suggests that quiescence is triggered by starvation (Breef-Pilz et al, unpublished). 
Therefore, understanding nutrition and nutrient-cycling, specifically nitrogen cycling, 
within A. poculata will provide insight into metabolic tolerance and energy thresholds, 
relevant to the overall energy budget of these corals.   
 What little is known about nutrient cycling and nutrition in A. poculata suggests 
that the autotrophic contribution from B. psygmophilum is advantageous. Symbiotic 
colonies are known to heal faster and more completely than aposymbiotic colonies, 
5 
suggesting more overall available energy (DeFilippo et al. 2016, Burmester et al. 2017). 
Furthermore, symbiotic colonies are known to grow faster in summer months due to 
increased photosynthesis and photosynthate production as a result of increased light and 
warmer temperatures (Dimond et al. 2013). To understand the mechanistic underpinnings 
of this apparent energetic benefit from symbiosis, Szmant-Froelich (1981) explored 
whether symbiotic colonies assimilated more carbon than aposymbiotic colonies. It was 
found that symbiotic colonies could assimilate and retain 10% more labeled carbon in a 
shrimp-feeding experiment (1981), with evidence for transfer of photosynthetic carbon to 
coral host tissue (Szmant-Froelich 1981, Schiller 1993). Additionally, B. psygmophilum in 
fed colonies fixed carbon more efficiently (but translocated less 14C) than their starved 
counterparts (Szmant-Froelich 1981), while starved colonies retained higher percentages 
of food-nitrogen (Szmant-Froelich and Pilson 1977). Szmant-Froelich explains this 
apparent contradiction by noting that in order to generate and store lipids, the amino group 
must be excised and excreted, which lowers assimilation efficiency (1981). However, DIN 
is an integral nutrient in growth and reproduction for oceanic primary producers and may 
also be necessary for B. psygmophilum growth (Yellowlees et al 2008). The interplay 
between host and symbiont cycling, assimilation and excretion of nitrogen in this system, 
and the relative relationship and flux between various DIN forms in symbiotic versus 
aposymbiotic A. poculata corals has not yet been explored.  
 Nitrogen usage in facultative systems can be traced using stable isotopes, of which 
there are two commonly found in nature, δ14N and δ15N (Sulzman 2007). An important 
property of δ15N is that it is preferentially stored in tissue while δ14N is preferentially 
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excreted in ammonium waste and urea (DeNiro and Epstein 1978, Minagawa and Wada 
1984). This makes it possible to infer trophic level from δ15N levels in animal tissue 
(Peterson and Fry 1987, Minagawa and Wada 1984), and to track anthropogenic inputs of 
nitrogen such as waste or fertilizer runoff (Michener and Kaufman 2007). There is some 
conflicting evidence as to whether or not heterotrophy is linked to higher δ15N in corals. 
Some studies have shown that fed corals, which obtain some of their nitrogen 
heterotrophically, may actually have lower δ15N levels due to internal recycling of NH4+ 
back and forth between the host and symbiont. This may make retaining heterotrophically-
derived nitrogen unnecessary (Reynaud et al. 2009, Bednarz et al. 2017, Muscatine and 
D’Elia 1978).  
 Stable isotope testing is often used in biological studies to determine species trophic 
level, sources of nitrogen in animal tissue, and anthropogenic nitrogen influences (Fry 
2006, Michener and Kaufman 2007, Wong et al. 2017). DIN sources that have been 
enriched with higher than normal levels of δ15N are used to trace the isotope through a 
system by testing tissue to determine where it is retained (Michener and Kaufman 2007). 
However, no studies have yet traced nitrogen in a facultatively symbiotic coral system. To-
date, all tagged nitrogen studies have taken place in obligately symbiotic tropical corals. 
 The existing literature on traced nitrogen in tropical corals mostly suggest that 
nitrogen assimilation by photosynthetic symbionts is the main acquisition pathway, though 
there are some conflicting results. Stable isotope analysis of Montastraea cavernosa corals 
showed δ15N levels closer to fixed nitrogen in symbiont tissue, meaning recently fixed DIN 
by diazotrophic microbes was likely the primary source of nitrogen (Lesser et al 2007). In 
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Stylophora pistillata, both coral and symbiont take up DIN, and NH4+ assimilation was 
greater than NO3- assimilation in both the host and the symbiont (Grover et al. 2002), and 
that the symbiont took up more NH4+ compared to the host (Grover et al. 2003). Similarly, 
a labeled δ15N study of Acropora aspera showed that both the coral and symbiont were 
able to assimilate DIN quickly after a nitrogen pulse, and that the symbionts fixed DIN 14-
23 times faster than their coral host (Pernice et al. 2012). A tagged nitrogen pulse study 
showed that symbiont DIN uptake increased in quantity and speed within 15 minutes of 
the nitrogen pulse, and that δ15N in symbiont tissue was much higher in coral host tissue 
after 90 minutes. This study also showed that, while NH4+ was the preferred source of DIN, 
symbionts will also assimilate NO3-, urea, and dissolved free amino acids (Kopp et al. 
2013). Additionally, a long-term labeled nitrogen study showed that after two months of 
exposure to 15NO3-, Porites cylindrica derived 80% of their nitrogen and Montipora 
digitata derived 50% of their nitrogen from their symbionts (Tanaka et al 2015).  
 This study utilizes the facultatively heterotrophic coral A. poculata to examine 
nutrient dynamics between corals that have symbionts versus corals that do not have 
symbionts without stressing the organism. Since tropical corals lose symbionts when 
stressed and temperate corals can do fine with or without this study allows for inferences 
about nitrogen cycling, autotrophy, and heterotrophy without stress being a potential 
confounding variable. 
8 
 
Figure 1: Nitrogen Cycle Diagram 
Experimental Approach   
 In this study, I examined the interactions between symbiosis and nitrogen uptake in 
the facultatively symbiotic coral, Astrangia poculata. I used a δ15N labeling experiment to 
identify the forms of DIN that can be taken up by opposing morphologies of A. poculata, 
the role of the host and symbiont in DIN uptake, and how symbiotic photosynthetic 
efficiency changes following addition of various forms of DIN.  If a 15NH4+ or 15NO3- label 
is added and coral tissue analysis displays a higher δ15N-value, it indicates uptake and 
incorporation of DIN. If δ15N uptake varies by symbiotic state this could help us identify 
whether uptake is driven by host or symbiont. To determine whether DIN-assimilation 
changes in different trophic contexts, I used both starved and fed corals of each symbiotic 
state within each nitrogen treatment. I had three main hypotheses: 
9 
H1: NH4+ uptake will be greater than NO3- uptake due to evidence from previous 
studies suggesting that both corals and symbionts take up NH4+, but only symbionts take 
up NO3-.  
H2: DIN-uptake will be higher in starved corals, due to a compensatory nutrient-
uptake mechanism in the absence of heterotrophy.  
H3: Increased photosynthetic efficiency will correspond with DIN uptake due to 
symbiont health improving as holobiont nutritional needs are met.  
 The main contributions of this thesis are: investigation of symbiotic vs 
aposymbiotic nitrogen acquisition strategies, determination of N-source uptake dynamics 
distinguishing between NH4+ and NO3- DIN, and the examination of enzymatic 
assimilation of DIN vs heterotrophic consumption of organic nitrogen.  
METHODS 
Terminology 
 This thesis uses the following terminology to describe the organisms and 
experiments within. Astrangia poculata corals are facultatively symbiotic, with symbiotic 
(brown), aposymbiotic (white) or mixed coloration representing a mixed-symbiosis 
strategy (Fig. 2). These are referred to as “symbiotic state” throughout. Five trials of the 
same experiment were conducted, with 36 corals per trial in 2018 (Trial 1: 8/6-8/10, Trial 
2: 8/13-8/17, Trial 3: 8/20-8/24, Trial 4: 8/27-8/31, Trial 5: 9/3-9/7). Within each trial, six 
symbiotic and six aposymbiotic colonies each were placed in one of three possible 
treatments: 15NH4+ treated seawater, 15NO3- treated seawater, or seawater not treated with 
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DIN (Fig. 3). Within each treatment, three symbiotic and aposymbiotic colonies were 
placed into one of two nutritional conditions: fed or starved. Whenever new terminology 
is introduced in subsequent sections, it is indicated in bold throughout, and/or defined in 
the above glossary (pgs. xiii-xiv). 
 
Figure 2: Close-up of symbiotic and aposymbiotic Astrangia poculata in nature 
A: An aposymbiotic colony, extended polyps show no visible coloration. 
B: A symbiotic colony, extended polyps appear brown in color, 2-3 polyps on the far-left 
show no visible coloration. 
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Figure 3: Practical diagram of experimental trials 
One full trial run containing all three coral colonies of each symbiotic state/nutritional 
condition within each nitrogen treatment. Five trials were run sequentially over a five-week 
period (N=15). A positive control of Ulva lactuca was included for each trial as a positive 
control. 
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Figure 4. Experimental Design   
Trial set-up comprised of the following treatments: 5 µM N-ammonium tagged seawater 
(far left), 5 µm 15N-nitrate tagged seawater (middle left), control/untreated seawater 
(middle right). Within each treatment symbiotic and aposymbiotic colonies were placed 
into either fed or starved nutritional conditions.  
N = 15 per treatment (see Figure 3)  
Coral Colony Collection and Husbandry 
 Astrangia poculata coral colonies were collected at Fort Wetherill National Park in 
Jamestown, RI (41.4777778°, -071.3594444°) using SCUBA on an approved BU-AAUS 
Dive Plan on July 16, 2018. For collection, divers targeted corals that were clearly 
symbiotic or aposymbiotic corals (not mixed); 105 colonies of each were selected for 
experiments (210 colonies total). 
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 Corals were acclimatized and housed in a recirculating closed tank system, filled 
with Instant Ocean seawater (Spectrum Brands, Inc) and kept on a 12-h LD cycle. The 
life support components of the systems include a fluidized biofilter, UV sterilizer, heat 
exchanger, protein skimmer, and 2 mechanical filter bags to remove detritus. Working tank 
conditions were monitored for light and temperature using a Seneye Reef Monitor; system-
wide conditions were monitored by a CA Digital Aquatics Reefkeeper Elite V2. 
Temperature, recorded by the Seneye Reef Monitor, was maintained for the first four trials 
of the experiment at an average of 21.6°C ± 0.9°C, mimicking August temperatures in 
Jamestown, RI (Average temp = 20.9oC; https://www.seatemperature.org/), which 
correspond to the timeframe of the experiment. PAR, also recorded by the Seneye Reef 
Monitor, was maintained for the first four trials at an average of 89.6 μmol m−2 s−1 ± 10.8 
μmol m−2 s−1 during daylight conditions. The Seneye Reef Monitor was offline for the fifth 
trial, but no anomalies in temperature were detected by the backup system-wide monitor 
which recorded an average temperature of 22.2°C ± 0.2°C for the duration of trial five. 
Seawater salinity averaged 35 ppt in the tank system. While in acclimation holding, prior 
to experimentation, corals were fed frozen nauplii shrimp twice weekly. Tanks and corals 
were cleaned as needed to prevent algal overgrowth. Each colony was labeled with a 
colored bee tag, photographed, and later randomly assigned to a condition (starved, fed), 
treatment (NH4+, NO3-, untreated/negative control), or trial. 
Experimental Preparation 
 To prepare for experiments comparing symbiotic and aposymbiotic, and fed versus 
starved corals within each experimental treatment, corals were pre-organized into groups 
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of four (two symbiotic and two aposymbiotic), characterized as quads. Colonies for each 
quad were selected to be morphologically similar in terms of polyp size and interstitial 
distance between polyps (Fig. 5). Overall polyp number (corresponding to colony size) was 
irrelevant, because colonies were cut to a standard polyp number. Corals were allowed at 
least 12 hours of recovery time between being trimmed and put into treatment. 
 Quads were designed to make sure colony types were evenly distributed across the 
experiment; this was preferential to a randomized block design because we wanted to 
ensure even access to nutrient and nitrogen acquisition by colonies spread across treatment 
(Fig. 5). This strategy was able to reduce/eliminate bias between colony types. Nine quads 
were assigned to every trial (Fig. 6). Each trial consisted of three colony replicates for each 
symbiotic state and nutritional condition across each treatment. Trials took place over the 
course of one week which included prep and set-up, three days of active treatment, and 
treatment breakdown. Five consecutive trials were executed over a five-week period from 
August 6th, 2018 to September 7th, 2018.  
 Premade stock solutions of 4000 µM 15NH4Cl and 4000 µM Na15NO3 were mixed 
using ≥99% (CP) enriched stable isotope compounds (Sigma-Aldrich), 500 mL 35 ppt 
standard seawater (SSW) and a 1 mL of sulfuric acid (H2SO4), which acts as a stabilizing 
agent. Stock solutions were refrigerated and used for the duration of the experiment to 
eliminate variation. SSW was made from Instant Ocean aquarium minerals (IO) and 
reverse osmosis water (RO). IO minerals have a background level of 10.2 µmol kg-1 NH4+ 
and 1.00 µmol kg-1 NO3- (Atkinson and Bingman 1997). 35 ppt SSW was mixed with 35 g 
of IO per one-liter RO water. Thus, background nitrogen levels in the control treatment 
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were 0.357 µM NH4+ and 0.035 µM NO3-.  Stock solutions were diluted so that colonies 
within each trial were exposed to either 5 µM ammonium chloride (15NH4Cl) treated water, 
5 µM sodium nitrate (Na15NO3) treated water, or SSW as a negative control. The use of 
three 5 µM pulses (administered once every 24 hours for three days) was decided upon 
because it was similar in length and intensity to other nitrogen pulse studies carried out on 
corals. Previous nitrogen uptake studies on Stylophora pistillata have used 2.5 µM (Ezzat 
et al. 2015) and 5 µM (Grover et al. 2003) concentrations of NH4+ and NO3-. A study on 
Acropora pulchra using a 10 µM pulse of NO3- showed symbiont absorption and to the 
host in less than 24 hours (Tanaka et al. 2006). A study on Acropora aspera that used a 20 
µM NH4+ nutrient pulse showed symbiont uptake in less than one hour and translocation 
to the host within 24 hours (Pernice et al. 2012). Yet another study on Pocillopora 
damicornis used 20 µM pulses of NH4+ and NO3- and showed symbiont nitrogen uptake 
within 45 minutes and translocation to the host within 6 hours (Kopp et al. 2013). 
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Figure 5. Examples of coral quads  
Quads A and B each contain two aposymbiotic (left) and two symbiotic (right) coral 
colonies. Polyp density and spacing is similar within each colony, but different when 
comparing one quad to another.  
 
 
Figure 6. Coral treatment assignments by quad 
Each numbered quad (1-9) contained a set of coral colonies that are similar to each other 
in appearance (see fig. 5).  
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Experimental Set-up 
 Three days prior to experimental treatment application, corals were moved into a 
separate tank held at the same environmental conditions and starved to minimize 
interference with metabolic cycles during the experiment. One day prior to treatment, 
corals were cut with a Dremel based on the smallest colony per treatment (sizes ranged 
from 15 to 25 polyp colonies across trials) and allowed to recover overnight. For the 
duration of each trial, and to impose true experimental replicates (thus avoiding 
pseudoreplication), colonies were placed in their own individual jars. Jars were color-coded 
with multi-colored zip ties to denote nitrogen treatment type, feed status, and symbiotic 
state for easy recognition. Each jar had a separate air stone to avoid cross-contamination. 
Tubes connecting air stones to the air source were color coded with multi-colored lab tape 
to match their respective treatment jars. This served to ensure that jars and air stones were 
never exposed to multiple treatment types. All glassware was pre-cleaned in a 10% v/v 
HCl acid bath and rinsed thoroughly with DI water. For active trials, all treatment jars were 
placed together in a single tank to maintain consistent temperature and light across 
individuals (Fig. 7). Jars were arranged in the treatment tank grouped by intended nitrogen 
treatment, but randomly placed within their groupings (Fig. 8). 
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Figure 7: Photo of experimental setup 
Each jar contained one pre-cut coral colony and one air-stone. Jars were color 
coordinated with zip-ties to specify treatment. All jars were kept in a common water bath 
under a single light source to maintain consistent temperature and PAR for all colonies.  
 
 
Figure 8. Jar Arrangement 
Arrangement of individuals within each treatment was randomized, but treatments were 
grouped by type to reduce the potential for cross contamination. Groupings were shifted 
one place in formation for each trial to eliminate locational bias. 
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Measuring Photosynthetic Efficiency 
 A Waltz Junior PAM meter with a 100 cm fiber optic cable and a cable guide was 
used to measure chlorophyll activity as a proxy for photosynthetic efficiency. 
Chlorophyll activity is measured as a rate of change (Fv/Fm) from initial (Fo) to final 
(Fm) absorbance of a pulse of light. Corals were dark acclimated for one hour prior to 
measurements being taken. Three polyps per colony were measured and the mean Fv/Fm 
was used to represent the photosynthetic efficiency of the entire colony. Initial PAM 
measurements were taken on the first day of treatment in the morning, just before 
nitrogen treatments were administered. Final PAM measurements were taken after the 
second full day of treatment, right before the final water change.  
Experimental Treatments 
 Following initial PAM measurements, each coral colony was placed into a 250 mL 
cylindrical jar (color-coded as previously described) containing 200 mL of SSW made 
from IO and RO. Each jar was treated with either 15NH4+, 15NO3-, or no additional nitrogen. 
Using a 1000 µL micropipette, 250 µL of 4000 µM 15NH4Cl solution was pipetted into 
15NH4+ treatment jars, and 250 µL of 4000 µM Na15NO3 solution was pipetted into 15NO3- 
treatment jars for a final concentration of 5 µM of nitrogen per jar. Air stones were turned 
on for five minutes to circulate treatments, and then were briefly turned off for feeding 
(even for starved corals, for consistency). Corals were fed live Artemia brine shrimp from 
a stock supply made by hatching 1 spoonful (~2 mL) of decapsulated brine shrimp eggs. 
The stock supply was divided evenly separate beakers (one for each nitrogen treatment 
type). Each colony was fed 3 mL of stock supply by gently pipetting shrimp directly onto 
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coral polyps so as not to cause the polyps to retract. Corals were allowed to sit and feed in 
still water for 10 minutes and then air stones were turned back on. Corals underwent a 
complete water change (with new nitrogen treatment administered) every 24 hours for a 
total treatment time of three days. Fed corals were fed once daily (Fig. 9). 
 
Figure 9: Experimental Timeline 
 
Experimental Breakdown 
 After three days of treatment, coral tissue was harvested for analysis. Jars were 
capped and removed from the water bath. Two subset pieces of each colony (2-3 polyps 
each) were cut off with a Dremel and flash frozen in liquid nitrogen for later protein and 
microbial analysis (microbial analyses are outside the scope of this thesis). The remaining 
coral tissue was rinsed thoroughly with SSW and removed from the skeleton with a 
Waterpik® yielding coral tissue slurry. The tissue slurry was then poured into 50 mL falcon 
tubes and frozen overnight. The following day, samples were defrosted and centrifuged at 
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10,000 RCF for five minutes to separate out the tissue from the seawater. After spinning, 
the supernatant was decanted, and the pellet was placed on foil and dried overnight or until 
a constant weight was achieved. No separation of host and symbiont tissue was observed 
in the pellet. During initial trials the supernatant was evaporated, and no tissue precipitated 
out. Dry tissue was then crushed into a powder and used for stable isotope analysis.  
Positive Control  
 Subsequent to the five weeks of coral testing, a positive control test using the green 
algae Ulva lactuca was run in the week of 9/11/18 to 9/14/18. U. lactuca was collected at 
low tide on Tuesday 9/11 at Salem Willows, Salem MA (42.5369444°, -070.8672222°). U. 
lactuca was transported to the lab where it was manually cleaned of epiphytes. Blades were 
laid out flat and forty-five 6.45cm2 pieces were cut out from flat undamaged areas of 
multiple blades. Each square was placed into a treatment jar with 200 mL of SSW. 15 jars 
were treated with 5 µM 15NH4Cl, 15 jars were treated with 5 µM Na15NO3, and 15 jars were 
not treated with nitrogen. All nitrogen solutions used were from the same stock solution 
used for previous trials. All samples were treated with the same procedure as previous trials 
with two exceptions: air stones were not used, and samples were not fed Artemia. On the 
second day of treatment, photobleaching had occurred in some of the samples. Damaged 
samples were discarded, and the tank lights were turned off for the remainder of treatment. 
Ambient room light on the same 12-h LD cycle was still available to samples. After three 
days of treatment, samples were removed from their jars, rinsed thoroughly, dried 
overnight, ground up, and submitted for stable isotope analysis. 
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Stable Isotope and Elemental Analyses 
 Tissue from trials 3-5 were used for stable isotope analysis (N=9). 1.5 mg ± 0.1 mg 
of dry, crushed, and homogenized tissue from each sample was loaded into 5x9 tin capsules 
(Costech Analytical Technologies, Inc). Samples were then submitted to the Boston 
University Stable Isotope Lab.  For δ15N, δ13C, %N, and %C, and C:N analysis, samples 
were combusted using a Eurovector CN analyzer; the products of that combustion are then 
analyzed with a GV Instruments Isoprime Isotope Ratio Mass Spectrometer 
(https://www.bu.edu/sil/quality.htm). Two nitrate treated samples with unusually high 
values due to carry over from previous samples (a known potential issue when processing 
enriched samples) were considered methodological artifacts and thus eliminated from data 
analysis. Technical replicates were conducted on five sample to ensure precision, but were 
not included in analysis, so as not to favor of any particular samples. Replicates were 
selected randomly: three were from the control, two from ammonium treatment and two 
from nitrate treatment. All were within the min/max range of other individuals in the same 
treatment except for one negative control sample which showed signs of cross 
contamination (an order of magnitude higher). 
Protein Analyses 
 Protein concentration was determined using Bradford protein assay on the tissue of 
each coral fragment that had previously been frozen. Thawed tissue was removed from the 
skeleton with a Waterpik. The slurry was standardized by volume and homogenized via 
sonification.  Absorbance for three replicates of 24 samples as well as three replicates of a 
serial dilution of BSA (a known protein concentrate) were measured in a single 96 well 
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microplate with a BioTek Synergy H1 microplate reader. All replicates were pipetted 
simultaneously using a p-200 multipipette. Coomassie Brilliant Blue R-250 dye was mixed 
with into each well in a 1:1 ratio of dye to sample/albumin standard. Dyed samples were 
allowed to incubate for 12 minutes and then absorbance was measured using a microplate 
reader. The mean of each of the three replicates was calculated. A total of five plates were 
used to run all 205 samples. The known concentration of the albumin dilution (x-axis) and 
the absorbance readings (y-axis) for each plate were plotted as a scatterplot, and a best fit 
curve was calculated. The equation of this line was used to calculate the protein 
concentration of each sample from the corresponding plate from its measured absorbance. 
The skeleton of each coral fragment was labeled, place alongside a ruler, and 
photographed. Polyp surface areas was calculated using ImageJ, and protein concentration 
was determined as a unit of volume polyp surface area (µL/cm2). 
Statistical Approach 
 Data were visually explored using histograms and were determined to meet the 
assumptions of normality within the boundaries of ANOVAs and t-tests, both of which are 
relatively robust. For all replicate quads, a one-way ANOVA with post hoc multiple 
comparison test was used to assess differences across symbiotic, aposymbiotic, fed, and 
starved corals for each experimental treatment (App. Table 1). Two-way ANOVAs were 
also conducted but were not included in this thesis because a one-way ANOVA is a better 
comparative tool for the experimental design. For all paired data (before and after PAM 
readings), a paired t-test was used. Paired t-tests were Bonferroni-corrected to avoid 
potential type II statistical error, given the high number of tests conducted. Systat (v. 11) 
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and GraphPad Prism (v. 8.1.0) were used to conduct all statistical tests. All statistical 
results are depicted on figures or in accompanying tables. 
RESULTS 
δ15N Isotope Analysis 
 To examine the natural abundance of isotopic ratios in wild-collected corals, we 
examined δ15N in symbiotic and aposymbiotic corals with no manipulation. Within the 
untreated group, aposymbiotic corals had a significantly higher δ15N fraction than 
symbiotic corals regardless of feed state (Fig. 10, Table 1). 15NH4+ treated corals showed 
the greatest δ15N uptake overall, followed by nitrate treated corals, and then untreated 
corals (Table 2). Within the 15NH4+ treatment, symbiotic fed corals showed significantly 
higher N-uptake than aposymbiotic fed corals, symbiotic starved corals were not 
significantly different from either symbiotic fed or aposymbiotic fed corals, and 
aposymbiotic starved corals showed significantly less N-uptake than all other corals in this 
treatment (Fig. 10, Table 1). Within the 15NO3- treatment, symbiotic fed corals showed 
significantly more 15N-uptake than all other coral conditions (Fig. 10, Table 1). 
 When comparing 15N-uptake across treatments, 15NH4+ treated corals showed 
significantly more 15N-uptake than control and 15NO3- treated corals in symbiotic fed, 
symbiotic starved, and aposymbiotic fed colonies. Symbiotic fed corals treated with 15NO3- 
showed significantly more uptake than symbiotic fed control corals. There were no other 
significant differences between 15NO3- treated and control corals. Aposymbiotic starved 
corals showed no differences in nitrogen uptake across all treatments (Fig 11, Table 3). 
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 As expected, the U. lactuca positive control readily absorbed nitrogen from 
surrounding seawater. U. lactuca took up significantly more nitrogen when exposed to 
15NH4+ (P<0.0001) and 15NO3- (P<0.0001) than when exposed to SSW. However, U. 
lactuca took up significantly more 15NO3- than 15NH4+ (P=0.0009), though within the same 
order of magnitude (App. Fig. 1). A sub-sampling of newly hatched Artemia was used to 
determine the approximate δ15N value of the food source. The mean value was 11.63 ‰. 
 
Figure 10: δ15N Within Treatments 
δ15N enrichment found in coral tissue treated in ammonium enriched water, nitrate enriched 
water, and untreated water. Letters denote statistical significance for a one-way ANOVA 
post-hoc multiple comparison test (Tukey’s). N=9. All statistics are listed in Table 1. 
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Figure 11: δ15N Across Treatments 
δ15N across treatments for symbiotic fed, symbiotic starved, aposymbiotic fed, and 
aposymbiotic starved corals. Letters denote statistical significance for a one-way ANOVA 
post-hoc multiple comparison test (Tukey’s). N=9. All statistics are listed in Table 3. 
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Table 1: P-values for δ15N analysis within nitrogen treatments 
Tukey’s Post-hoc multiple comparison test results for δ15N analysis within each nitrogen 
treatment (control, ammonium, nitrate) comparing each coupled symbiotic state and 
nutritional condition. Statistical significance (P<0.05) is denoted with bold text, an asterisk, 
and are shaded in gray. N=9. 
Tukey's Post-hoc Multiple Comparisons Test 
 
δ15N (‰) 
Adjusted 
P Value 
Untreated 
Adjusted 
P Value 
15NH4+ 
Adjusted 
P Value 
15N03- 
 
Symbiotic Fed vs. Symbiotic Starved 
 
Symbiotic Fed vs. Aposymbiotic Fed 
 
Symbiotic Fed vs. Aposymbiotic Starved 
 
Symbiotic Starved vs. Aposymbiotic Fed 
 
Symbiotic Starved vs. Aposymbiotic Starved 
 
Aposymbiotic Fed vs. Aposymbiotic Starved 
0.7797 
 
0.0010* 
 
<0.0001* 
 
<0.0001* 
 
<0.0001* 
 
0.7203 
0.8721 
 
0.0087* 
 
<0.0001* 
 
0.0546 
 
<0.0001* 
 
0.0051* 
<0.0001* 
 
<0.0001* 
 
<0.0001* 
 
0.9915 
 
0.7185 
 
0.8648 
 
Table 2: Means and standard errors for δ15N ‰ 
Means and standard errors for δ15N values for each nitrogen treatment by symbiotic state 
and nutritional condition. N=9. 
 
 
δ15N (‰) 
 Symbiotic 
Fed 
 
Symbiotic 
Starved 
 
Aposymbiotic 
Fed 
 
Aposymbiotic 
Starved 
 
Untreated/ 
Negative 
Control 
 
15NH4+ 
Treated 
 
15NO3- 
Treated 
 
Mean 
SE 
 
Mean 
SE 
 
Mean 
SE 
 
12.65 
0.51 
 
562.30 
52.03 
 
223.81 
56.50 
 
12.12 
0.48 
 
508.97 
64.21 
 
47.25 
13.21 
 
15.03 
0.26 
 
321.34 
39.50 
 
30.34 
7.55 
 
15.62 
0.26 
 
66.02 
38.50 
 
23.02 
2.59 
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Table 3: P-values for δ15N analysis across nitrogen treatments 
Tukey’s Post-hoc multiple comparison test results for δ15N analysis between nitrogen 
treatments (control, ammonium, nitrate) comparing each coupled symbiotic state and 
nutritional condition. Statistical significance (P<0.05) is denoted with bold text, an asterisk, 
and are shaded in gray. N=9. 
Tukey's Post-hoc 
Multiple Comparisons  
 
δ15N (‰) 
Symbiotic 
Fed 
Symbiotic 
Starved 
Aposymbiotic 
Fed 
Aposymbiotic 
Starved 
 
Control vs Ammonium 
 
Control vs Nitrate 
 
Ammonium vs Nitrate 
 
<0.0001* 
 
0.0097* 
 
<0.0001* 
 
<0.0001* 
 
0.7906 
 
<0.0001* 
 
<0.0001* 
 
0.7289 
 
<0.0001* 
 
0.7147 
 
0.4752 
 
0.9178 
 
C:N Analysis, Protein Concentration, and %C Analysis 
 No significant difference was detected in protein concentration by symbiotic state 
or nutritional condition in any treatment (Fig. 12, App. Fig. 2, App. Table 2, App. Table 
3). Only 15NO3- treated corals showed any differences in C:N across symbiotic states and 
nutritional conditions; there were no differences in 15NH4+ treated corals or untreated corals 
(Fig. 13, App. Table 2). Within the 15NO3- treatment, aposymbiotic fed corals had a 
significantly higher C:N ratio than symbiotic fed corals (P=0.0480) but were not 
significantly different from symbiotic or aposymbiotic starved corals. No other differences 
were observed between nutritional condition or symbiont state (Fig. 13, App. Fig. 3, App. 
Table 2, App. Table 3).  
 In the 15NH4+ treatment, symbiotic fed corals showed significantly higher %C 
compared to aposymbiotic fed corals (Fig. 14, P=0.0320). No other differences in %C were 
observed (Fig. 14, App. Fig. 4). 
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Figure 12: Total Protein Within Treatments 
Total protein in coral tissue treated in ammonium treated water, nitrate treated water, and 
untreated water. Letters denote statistical significance for a one-way ANOVA post-hoc 
multiple comparison test (Tukey’s). N=12-15. All statistics are listed in Appendix Table 2. 
 
Figure 13: C:N Within Treatments 
C:N ratio in coral tissue treated in ammonium treated water, nitrate treated water, and 
untreated water. Letters denote statistical significance for a one-way ANOVA post-hoc 
multiple comparison test (Tukey’s) N=9. All statistics are listed in Appendix Table 2. 
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Figure 14: %C Within Treatments 
%C in coral tissue treated in untreated water, ammonium treated water, and nitrate treated 
water. Letters denote statistical significance for a one-way ANOVA post-hoc multiple 
comparison test (Tukey’s). N=9. All statistics are listed in Appendix Table 2. 
 
Measuring Photosynthetic Efficiency 
 Within the negative control, untreated symbiotic and aposymbiotic starved corals 
showed a significant increase in photosynthetic efficiency over the course of the three-day 
treatment time. Untreated symbiotic corals, both fed and starved, and untreated 
aposymbiotic fed corals showed no significant changes over the course of the three-day 
treatment time (Fig. 15, Table 4).  
 Within the NH4+ treatment, symbiotic fed corals showed a significant increase in 
photosynthetic efficiency over the course of the three-day treatment time. Symbiotic 
starved corals showed a strong increase that fell just short of being significant. There were 
no significant differences in NH4+ treated symbiotic starved, NH4+ treated aposymbiotic 
fed, and NH4+ treated aposymbiotic starved corals (Fig. 16, Table 4). 
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 Within the NO3- treatment, symbiotic starved corals treated with NO3- showed a 
significant decrease in photosynthetic efficiency over the course of the three-day treatment. 
Aposymbiotic starved corals showed a general decrease, but not a significant decrease. 
Symbiotic and aposymbiotic fed corals showed no significant changes over the course of 
treatment (Fig. 17, Table 4). 
 
Figure 15: Photosynthetic Efficiency, Untreated Corals  
Change in photosynthetic efficiency of corals by symbiotic state not treated with nitrogen. 
Asterisks denote statistical significance for a paired 2-tailed t-tests comparing initial and 
final Fv/Fm values. N=15. All statistics are listed in Table 4. 
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Figure 16: Photosynthetic Efficiency, Ammonium Treated Corals 
Change in photosynthetic efficiency of corals by symbiotic state treated with ammonium. 
Asterisks denote statistical significance for a paired 2-tailed t-tests comparing initial and 
final Fv/Fm values. N=15. All statistics are listed in Table 4. 
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Figure 17: Photosynthetic Efficiency, Nitrate Treated Corals 
Change in photosynthetic efficiency of corals by symbiotic state treated with nitrate. 
Asterisks denote statistical significance for a paired 2-tailed t-tests comparing initial and 
final Fv/Fm values. N=15. All statistics are listed in Table 4. 
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Table 4: Significance Table for Photosynthetic Efficiency 
Paired 2-tailed t-tests measuring photosynthetic efficiency of corals before and after 
treatment. Asterisks denote statistical significance for a paired 2-tailed t-tests comparing 
initial and final Fv/Fm values. Statistical significance (P<0.05) is denoted with bold text, 
an asterisk, and shaded in gray. N=15. 
PAM 
(Fv/Fm) 
Source  df t P 
 
Untreated 
 
Symbiotic Fed 
Symbiotic Starved 
Aposymbiotic Fed 
Aposymbiotic Starved 
  
13 
13  
14  
14 
 
0.4656 
4.688 
0.02416 
3.112 
 
0.6492  
0.0004*  
0.9811  
0.0077* 
 
Ammonium 
 
Symbiotic Fed 
Symbiotic Starved 
Aposymbiotic Fed 
Aposymbiotic Starved 
  
14  
14  
14  
14 
 
3.452 
2.048 
0.6165 
0.3913 
 
0.0039* 
0.0598  
0.5475  
0.7015 
 
Nitrate 
 
Symbiotic Fed 
Symbiotic Starved 
Aposymbiotic Fed 
Aposymbiotic Starved 
  
14  
14  
14  
13 
 
0.02786 
2.347 
1.453 
1.846 
 
0.9782  
0.0341*  
0.1682  
0.0878 
δ13C Isotope Analysis and %N Analysis 
 There were no significant differences in δ13C for any corals, regardless of nitrogen 
treatment, symbiotic state or nutritional condition (App. Fig. 5; App. Fig. 6, App. Table 2, 
App. Table 3). There were no significant differences in %N between corals of any 
symbiotic state and nutritional condition in any nitrogen treatment (App. Fig. 7, App. Fig. 
8, App. Table 2, App. Table 3). 
DISCUSSION 
 The major aims of this study were to explore nutrient acquisition pathways between 
corals and their symbionts using facultatively symbiotic Astrangia poculata corals that 
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were allowed to feed versus those that were forced to rely strictly on autotrophically-
derived nutrients. Differences in DIN preference were examined by using enriched stable 
isotopes. Similar to other tagged isotope studies, analysis of A. poculata suggests that NH4+ 
was found to be the preferred nitrogen source and the symbiont, B. psygmophilum, was 
found to be the major N-assimilator. A major contribution of this study is the insight into 
heterotrophic versus autotrophic dynamics, as food availability was observed to influence 
DIN uptake regardless of symbiotic state. The behavior of the symbiont in response to 
different N- and food-availability treatments suggest different energetic and metabolic 
tradeoffs whereby symbiosis can provide mutualistic benefits, or parasitic costs, to hosts 
under different scenarios. 
 Although I found that A. poculata was able to take in DIN from the environment 
from both NH4+ and NO3- treatments, NH4+ was incorporated three-fold more than NO3- in 
symbiotic fed corals, which showed the highest tagged-N uptake overall (Figs. 10, 11). 
Similar to existing literature (Grover et al 2002, 2003, Pernice et al 2012, Kopp et al 2013, 
Tanaka et al 2015), my 15NH4+ trials suggest that symbionts are most efficient at NH4+ 
assimilation. This is consistent with most tropical coral literature, which suggests that 
symbionts play a substantial role in nitrogen acquisition, and that nitrogen is acquired by 
assimilation of DIN (most typically NH4+) from the environment (Tanaka et al. 2015; 
Bednarz et al. 2017). Previous studies have also demonstrated that Symbiodinium 
microadriaticum were found to have high numbers of NH4+ transporter domains (genes 
that promote carbon and nitrogen transport and provisioning), which likely help the 
translocation of nutrients (Aranda et al. 2016). In contrast, Bythell et al (1990) showed that 
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while both NH4+ and NO3- can be assimilated by Acropora palmata and their symbionts, 
NO3- also showed diurnal variation in uptake rates and was assimilated in greater amounts 
during the daytime than NH4+. This underscores that, though there is a general consensus, 
N-assimilation dynamics are not universal and may be highly species dependent by coral. 
 I found that NO3- uptake differed from NH4+ uptake in two ways: it was lower in 
every treatment, and only symbiotic fed corals showed any significant uptake (Fig. 10, Fig. 
11, Table 2, Table 3). NO3- treated symbiotic fed corals showed significantly less uptake 
of DIN than NH4+ treated symbiotic fed corals.  This may be due to the fact that NO3- must 
be reduced to NH4+ in order to be taken up by glutamine synthetase enzymes (Berges at al. 
1995). Although there has been little research into the presence of NO3- reduction enzymes 
in coral, it has been suggested that only symbionts, and not the coral host, have the ability 
to reduce NO3- to NH4+ for enzymatic assimilation (Grover et al. 2003, Crossland and 
Barnes 1977). All other coral types treated with NO3- showed no significant differences 
from the negative controls, suggesting that 15NO3- was not assimilated (Fig. 11, Table 3). 
Assuming that NO3- reduction costs the coral energy, those individuals who were not 
getting the surplus energy of two food sources (shrimp and photosynthates) may not have 
had enough available energy for that process.  
 In 15NH4+ trials, aposymbiotic corals with few symbionts were only successful at 
assimilating δ15N when fed (Fig. 10). In previous studies, aposymbiotic fed A. poculata 
corals were able to recover surface area from wounding more effectively than in starved 
corals, and indeed, starved aposymbiotic corals were never able to fully recover from 
wounding (Burmester et al. 2018). I found that starved, aposymbiotic corals were unable 
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to assimilate NH4+, suggesting that environmental nutrients are functionally not available 
for the coral host. It is likely that in the absence of any food source (brine shrimp or 
transferred photosynthates), aposymbiotic corals experience the initial stages of nutritional 
quiescence (proposed by Breef-Pilz et al, in prep), and were unable to perform the 
enzymatic processes to assimilate DIN. Nutritional quiescence may be similar to 
temperature-induced, cold-water quiescence (Grace et al. 2017, Sharp et al. 2017), whereby 
corals stop exhibiting polyp extension behavior in winter temperatures.  
 Only symbiotic fed corals were able to significantly incorporate more 15NO3- 
compared to other treatments (Fig. 11), which may be further evidence supporting the high 
energetic costs of NO3- assimilation, and the relative energetic contribution of autotrophy 
via symbiosis.  However, there was no obvious advantage to being symbiotic and fed when 
examining total protein, C:N, %N, or %C. The lack of differences between starved corals 
and corals treated with either form of DIN across all these nutritional variables (Fig. 11, 
App. Figs. 3, 4, 6) suggest that coral nutritional status is not changing between treatments, 
at least in the short duration of this experiment (3 days of tagged-N exposure). 
 The dynamics of N-assimilation during enrichment is fundamentally different than 
what is found in the natural environment. To that end, my untreated corals served not only 
as negative controls for the experiment, but also approximated natural abundances in this 
facultatively symbiotic coral system. In this study, the only difference in δ15N observed in 
the negative control was that aposymbiotic corals had a larger ‰ fraction than symbiotic 
corals (Fig. 10, Table 2). This mirrors natural abundance studies and supports the 
assumption that aposymbiotic corals are more dependent on heterotrophy than their 
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symbiotic counterparts, though there may be some N-fixation by associated microbial 
communities (Sharp et al. 2017). Natural abundance studies of nitrogen isotopes have often 
used δ15N as a proxy for determining trophic level because δ15N is preferentially stored in 
tissue and δ14N is preferentially exported as liquid waste. This results in a bioaccumulation 
effect wherein a higher 15N-fraction indicates a higher trophic position (Peterson and Fry 
1987, DeNiro and Epstein 1978). The use of enriched stable isotopes allows for tracking 
of nitrogen through the holobiont system and seeing what nitrogen is being used the most 
and who is taking it up (Pernice et al. 2012, Kopp et al. 2013, Tanaka et al. 2006, 2015). 
To understand this balance, a number of studies have used stable isotopes to increase the 
understanding of the coral/nitrogen relationship (reviewed by Rädecker et al 2015). 
 Corals for my study were collected in summer when symbiosis and metabolism are 
highest (Dimond and Carrington 2008, Sharp et al. 2017). It would be interesting to 
examine N-assimilation over the course of a year to examine differences in seasonal 
dynamics. Previous studies have shown that season is an important driver of microbiome 
dynamics in A. poculata (Sharp et al. 2017), and there is reasonable cause to expect that 
corals exposed to seasonal shifts in temperature, light, and nutrient availability may obtain 
nitrogen differently than corals found in warm, stable, oligotrophic tropical waters. For 
example, Cladocora caespitosa is a temperate Mediterranean coral exposed to shifting 
seasonal conditions; corresponding seasonal variability of δ15N and δ13C suggested reliance 
on heterotrophy in the winter (Ferrier-Pagès et al. 2011). Yet, another study on Oculina 
arbuscula, a temperate facultatively symbiotic coral, showed δ15N levels that indicated that 
symbiotic and aposymbiotic colonies obtained more of their nitrogen from enzymatic 
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assimilation regardless of season (Leal et al. 2014). Thus, differences in the assimilation of 
DIN by temperate corals over seasons is not fully reconciled and may be more complex 
than has been previously appreciated. Furthermore, the relative nitrogen assimilation of the 
host versus symbiont remains unknown. Unlike tropical corals, which de facto live in more 
seasonally stable environments, temperate corals offer the opportunity to test whether and 
how nitrogen assimilation and use change throughout the seasons. In addition, facultatively 
symbiotic corals offer the opportunity to test the relative contribution of host versus 
symbiont to nitrogen use. 
 Though symbionts may be more efficient at N-assimilation, their assimilation of N 
is not guaranteed, nor is it cost-free. Efficient, cost-effective symbiont assimilation of N 
may only occur under nearly ideal conditions, when the host is able to fully meet the 
energetic requirements of the symbiont for photosynthesis. If nitrogen uptake does benefit 
the symbiont, an increase in photosynthetic efficiency would be expected. To this end, my 
experiment shows direct evidence for increased photosynthetic efficiency in symbiotic, fed 
corals in response to 15NH4+ enriched water (Fig. 16), suggesting that symbionts react 
positively to NH4+ availability with an immediate photosynthetic payoff. This is supported 
by the significant increase observed in their %C. However, my results also clearly show a 
decrease in photosynthetic efficiency when exposed to 15NO3- enriched water in symbiotic 
starved (not fed) corals (Fig. 17), which provides insight into the energetic costs of NO3- 
assimilation by the symbiont. Starved corals may not be able to provide their symbionts 
with the energy necessary to convert NO3- into a usable form, or worse, the coral host may 
start to parasitize energy from the symbiont when starved, creating a “double jeopardy” for 
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the supposed mutualism under starved conditions where the symbiont must also use extra 
energy to convert NO3-. Perhaps, even though they did not successfully assimilate nitrogen, 
they were using their available energy to attempt to reduce NO3- to NH4+ and fell short. 
This could have diverted energy away from symbiont maintenance which would account 
for the decrease in photosynthetic efficiency. Since aposymbiotic corals have a much lower 
quantity of symbionts energy spent on symbiont maintenance in general is probably much 
lower which explains why aposymbiotic corals treated with NO3- did not see a reduction 
in photosynthetic efficiency. 
 Measurements of photosynthetic efficiency are often used as a proxy for symbiont 
population growth and health (Warner et al. 1999, Beer et al. 1998b, Ralph et al. 1999). In 
the context of coral bleaching, there is some evidence that stress can cause one mutualistic 
partner to turn parasitic towards another, further contributing to dysbiotic events (Baker et 
al. 2018). In the case of facultatively symbiotic A. poculata, starvation may catalyze a 
switch from mutualism to parasitism, especially since the hosts so heavily rely on 
heterotrophy for nutrient acquisition (Szmant-Froelich and Pilson 1980). Starved corals in 
this treatment showed an increase in photosynthetic efficiency, which could suggest either  
that symbionts are compensating for the lack of food/nutrition by increasing their 
efficiency so they can support their host, or that symbionts are acting as parasites, 
functionally keeping photosynthates from the host in order to meet their own energetic 
requirements. 
 Photosynthetic efficiency did not change in fed corals, regardless of symbiotic state 
(Fig. 15). However, in both starved treatments, symbiotic efficiency significantly 
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increased, which is consistent with expectations from an intact, mutualistic host-symbiont 
relationship whereby one partner may start to compensate for the other in times of 
nutritional stress. An alternative explanation for the increase in photosynthetic efficiency 
in control starved corals is that N is balanced and not overloaded in these control corals. It 
is known that too much nitrogen in the environment can cause excessive symbiont cell 
growth, which may deprive corals of nutrition (Lesser et al. 2013). Excess nitrogen in the 
environment can lead to phosphorus limitation within corals, which reduces stress 
tolerance and photosynthetic efficiency (D’Angelo and Wiedenmann 2014, Ezzat et al 
2015). Increased symbiont growth can also lead to a decrease in calcification as more 
carbon is kept in the symbiont and not shared with the host, reducing the availability of 
carbon to make the calcium carbonate skeleton (Reynaud et al. 2003). To prevent this, 
corals have mechanisms to self-regulate symbiont growth rate and concentration by 
withholding excess nutrients from their symbionts (D’Angelo, Wiedenman 2014, Rees 
1991). Thus, it is possible that control, starved corals in my experiment had optimal N-
levels and were thus capable of optimizing symbiont photosynthetic efficiency.   
 Despite obvious trends, there was much variation in coral colony light absorption 
amongst individuals within each category. This may be due in part to variations in skeleton 
color. Studies have shown that different color morphs of a single coral species showed 
different levels of responsiveness to irradiance (Dove et al. 2008, Salih et al. 2000). 
Additionally, coral skeletons have been known to affect light scattering during absorption 
measurements (Enríquez et al. 2005) Colonies used in this experiment typically had 
skeletal colors of either white, green, or red. This is likely due to different species of 
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endolithic algae being predominant among different colonies. Red and green tinted 
skeletons also varied in color density which suggests that algal population varied as well. 
Polyps were in their retracted state due to being handled while PAM measurements were 
being taken, and light absorption may have been affected by the endolithic algae and 
exposed skeleton along the sides of the polyp well. 
 Global sea surface temperature changes are driving a major ecological crisis for 
coral reefs causing bleaching events and mortality. It is well established that coral 
photosynthetic endosymbionts are able to fix carbon and are the driving force behind 
carbon acquisition for corals (Falkowski et al. 1984, Muscatine and Cernichiari 1969, 
Muscatine and Porter 1977, Erez 1978, Gattuso et al. 1999). However, dysbiosis not only 
deprives corals of carbon, but also of nitrogen and other essential nutrients (Miller and 
Yellowlees 1989). Using the temperate coral A. poculata as a model allows for the 
examination of corals that are in a natural dysbiotic state, rather than a stress-induced one. 
The mixotrophic strategy employed by corals is a complex system involving nutrient 
acquisition and translocation by the coral host and its symbionts. The breakdown of coral 
symbiosis during bleaching events means a loss of this particular strategy, which can prove 
fatal to corals. Understanding the full nature of the symbiotic interactions between 
heterotrophically obtained nutrients by corals and enzymatically assimilated nutrients by 
their endosymbionts is essential for understanding nutrient cycling and trophic interactions 
in these organisms.  
 The emerging finding of this study is that symbionts are the driving force behind 
not only carbon, but also nitrogen acquisition. In nature, aposymbiotic temperate corals 
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likely only thrive because they exist in a nutrient rich environment with abundant 
particulate and dissolved organic matter for consumption. Despite being mixotrophic, my 
study suggests that within the coral holobiont, the autotrophic contribution is extremely 
valuable, especially for tropical corals that are typically found in oligotrophic waters. In 
this study, corals with symbionts that were given DIN and particulate food showed the 
greatest acquisition of nitrogen and the greatest increase of photosynthetic efficiency. 
Without host regulation, these symbionts could become parasitic because, as the symbiont 
tissue grows and replicates, symbionts may require more nutrients. It is possible that the 
main role of the host is monitoring internal nutrient translocation, rather than acquiring 
nitrogen. Ultimately, dysbiosis not only strips corals of their mixotrophic strategy of 
nutrient acquisition, but also eliminates essential internal translocation of acquired 
nutrients. Further studies into host regulation of nitrogen cycling could be key in 
understanding the full extent of the effects of bleaching on coral nutrient cycling. 
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APPENDIX 
Additional Graphs 
 
 
Appendix Figure 1: Positive Control 
δ15N measured in Ulva lactuca tissue (positive control) in untreated water (left) ammonium 
treated water (center), and nitrate treated water (right). Significance was determined with 
a one-way ANOVA with post-hoc multiple comparison test. Untreated: N=12; 
Ammonium: N=14; Nitrate; N=9. 
(SS=151915289     df=2    F=135.9    P<0.0001) 
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Appendix Figure 2: Total Protein Across Treatments 
Total protein across treatments for symbiotic fed, symbiotic starved, aposymbiotic fed, and 
aposymbiotic starved corals. Letters denote statistical significance for a one-way ANOVA 
post-hoc multiple comparison test (Tukey’s). N=9. All statistics are listed in Appendix 
Table 3. 
 
46 
 
Appendix Figure 3: C:N Across Treatments 
C:N ratio across treatments for symbiotic fed, symbiotic starved, aposymbiotic fed, and 
aposymbiotic starved corals. Letters denote statistical significance for a one-way ANOVA 
post-hoc multiple comparison test (Tukey’s). N=9. All statistics are listed in Appendix 
Table 3. 
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Appendix Figure 4: %C Across Treatments 
%C across treatments for symbiotic fed, symbiotic starved, aposymbiotic fed, and 
aposymbiotic starved corals. Letters denote statistical significance for a one-way ANOVA 
post-hoc multiple comparison test (Tukey’s). N=9. All statistics are listed in Appendix 
Table 3. 
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Appendix Figure 5: δ13C Within Treatments 
δ13C enrichment found in coral tissue treated in untreated water, ammonium treated water, 
and nitrate treated water. Letters denote statistical significance for a one-way ANOVA 
post-hoc multiple comparison test (Tukey’s). N=9. All statistics are listed in Appendix 
Table 2. 
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Appendix Figure 6: δ13C Across Treatments 
δ13C across treatments for symbiotic fed, symbiotic starved, aposymbiotic fed, and 
aposymbiotic starved corals. Letters denote statistical significance for a one-way ANOVA 
post-hoc multiple comparison test (Tukey’s). N=9. All statistics are listed in Appendix 
Table 3. 
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Appendix Figure 7: %N Within Treatments 
%N coral tissue treated in untreated water, ammonium treated water, and nitrate treated 
water. Letters denote statistical significance for a one-way ANOVA post-hoc multiple 
comparison test (Tukey’s). N=9. All statistics are listed in Appendix Table 2. 
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Appendix Figure 8: %N Across Treatments 
%N across treatments for symbiotic fed, symbiotic starved, aposymbiotic fed, and 
aposymbiotic starved corals. Letters denote statistical significance for a one-way ANOVA 
post-hoc multiple comparison test (Tukey’s). N=9. All statistics are listed in Appendix 
Table 3. 
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Significance Tables 
Appendix Table 1: Significance table for all nutritional variables and treatments 
One-way ANOVA values for nutritional variables (δ15N, δ13C, C:N, total protein, %N, and 
%C) within and across all nitrogen treatments. Significance is denoted with an asterisk and 
highlighted in gray. 
Nutritional 
variable 
Source SS df F P 
 
δ15N 
 
Ammonium-treated 
Nitrate-treated 
Control 
 
Symbiotic Fed 
Symbiotic Starved 
Aposymbiotic Fed 
Aposymbiotic Starved 
 
1358531 
114593 
80.66 
 
1383832 
1383841 
519528 
26742 
 
3 
3 
3 
 
2 
2 
2 
2 
 
20.38 
17.11 
19.01 
 
39.09  
53.67 
50.50 
0.7238 
 
<0.0001* 
<0.0001* 
<0.0001* 
 
<0.0001*  
<0.0001* 
<0.0001* 
0.4952 
 
δ13C 
 
Ammonium-treated 
Nitrate-treated 
Control 
 
Symbiotic Fed 
Symbiotic Starved 
Aposymbiotic Fed 
Aposymbiotic Starved 
 
38.45 
35.75 
2.114 
 
12.75 
1.034 
30.81 
2.000 
 
3 
3 
3 
 
2 
2 
2 
2 
 
2.433 
2.443 
0.1044 
 
1.719 
0.08795 
2.529 
0.1459 
 
0.0830 
0.0821 
0.9569 
 
0.2005 
0.9161 
0.1008 
0.8650 
 
C:N 
 
Ammonium-treated 
Nitrate-treated 
Control 
 
Symbiotic Fed 
Symbiotic Starved 
Aposymbiotic Fed 
Aposymbiotic Starved 
 
17.52 
47.33 
18.95 
 
2.439 
3.940 
55.64 
1.619 
 
3 
3 
3 
 
2 
2 
2 
2 
 
0.8809 
3.277 
0.8232 
 
0.3007 
0.4234 
2.986 
0.1084 
 
0.4613 
0.0335* 
0.4908 
 
0.7430 
0.6596 
0.0695 
0.8977 
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Total Protein 
(µg/cm2) 
 
Ammonium-treated 
Nitrate-treated 
Control 
 
Symbiotic Fed 
Symbiotic Starved 
Aposymbiotic Fed 
Aposymbiotic Starved 
 
7620 
1586 
257.5 
 
2764 
3026 
679.6 
1294 
 
3 
3 
3 
 
2 
2 
2 
2 
 
2.431 
1.127 
0.2617 
 
1.479 
2.182 
1.167 
1.264 
 
0.0792 
0.3485 
0.8526 
 
0.2435 
0.1293 
0.3246 
0.2972 
 
%N 
 
Ammonium-treated 
Nitrate-treated 
Control 
 
Symbiotic Fed 
Symbiotic Starved 
Aposymbiotic Fed 
Aposymbiotic Starved 
 
8.114 
3.248 
1.988 
 
1.259 
0.1898 
3.571 
0.5314 
 
3 
3 
3 
 
2 
2 
2 
2 
 
2.398 
0.4604 
0.3202 
 
0.6112 
0.07917 
0.8639 
0.08562 
 
0.0863 
0.7119 
0.8107 
 
0.5509 
0.9241 
0.4342 
0.9182 
 
%C 
 
Ammonium-treated 
Nitrate-treated 
Control 
 
Symbiotic Fed 
Symbiotic Starved 
Aposymbiotic Fed 
Aposymbiotic Starved 
 
206.5 
80.35 
62.92 
 
27.95 
15.41 
18.39 
10.44 
 
3 
3 
3 
 
2 
2 
2 
2 
 
2.904 
0.6523 
0.5607 
 
0.6469 
0.2731 
0.2882 
0.09575 
 
0.0499* 
0.5874 
0.6448 
 
0.5325 
0.7633 
0.7521 
0.9090 
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Mean and Standard Error Tables 
Appendix Table 2: P-values for δ13C and nutritional variables within treatments 
Tukey’s post-hoc multiple comparison tests within treatments for δ13C, %N, %C, C:N, 
and Total Protein. Significance is denoted with and asterisk and shaded in gray. 
Tukey's Post-hoc Multiple Comparisons Test 
 
Adjusted 
P Value 
Untreated 
Adjusted 
P Value 
15NH4+ 
Adjusted 
P Value 
15N03- 
δ13C    
Symbiotic Fed vs. Symbiotic Starved 
Symbiotic Fed vs. Aposymbiotic Fed 
Symbiotic Fed vs. Aposymbiotic Starved 
Symbiotic Starved vs. Aposymbiotic Fed 
Symbiotic Starved vs. Aposymbiotic Starved 
Aposymbiotic Fed vs. Aposymbiotic Starved 
0.9925 
>0.9999 
0.9581 
0.9963 
0.9959 
0.9704 
0.9288 
0.0717 
0.9111 
0.2329 
>0.9999 
0.2543 
0.7922 
0.4007 
0.9468 
0.0774 
0.9813 
0.1647 
%N    
Symbiotic Fed vs. Symbiotic Starved 
Symbiotic Fed vs. Aposymbiotic Fed 
Symbiotic Fed vs. Aposymbiotic Starved 
Symbiotic Starved vs. Aposymbiotic Fed 
Symbiotic Starved vs. Aposymbiotic Starved 
Aposymbiotic Fed vs. Aposymbiotic Starved 
0.9174 
0.9924 
0.9907 
0.9830 
0.7842 
0.9393 
0.6916 
0.0611 
0.8492 
0.4389 
0.9913 
0.2879 
>0.9999 
0.8500 
0.9897 
0.8406 
0.9916 
0.6826 
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%C    
Symbiotic Fed vs. Symbiotic Starved 
Symbiotic Fed vs. Aposymbiotic Fed 
Symbiotic Fed vs. Aposymbiotic Starved 
Symbiotic Starved vs. Aposymbiotic Fed 
Symbiotic Starved vs. Aposymbiotic Starved 
Aposymbiotic Fed vs. Aposymbiotic Starved 
>0.9999 
0.7087 
0.9134 
0.7027 
0.9098 
0.9750 
0.6145 
0.0320* 
0.7522 
0.3528 
0.9956 
0.2457 
0.9634 
0.8158 
0.9999 
0.5347 
0.9766 
0.7790 
C:N    
Symbiotic Fed vs. Symbiotic Starved 
Symbiotic Fed vs. Aposymbiotic Fed 
Symbiotic Fed vs. Aposymbiotic Starved 
Symbiotic Starved vs. Aposymbiotic Fed 
Symbiotic Starved vs. Aposymbiotic Starved 
Aposymbiotic Fed vs. Aposymbiotic Starved 
0.8975 
0.8376 
0.9878 
0.4311 
0.7375 
0.9564 
0.9378 
0.3909 
0.9063 
0.7361 
0.9997 
0.7891 
0.8255 
0.0480* 
>0.9999 
0.2617 
0.8381 
0.0509 
Total Protein (µg/cm2)    
Symbiotic Fed vs. Symbiotic Starved 
Symbiotic Fed vs. Aposymbiotic Fed 
Symbiotic Fed vs. Aposymbiotic Starved 
Symbiotic Starved vs. Aposymbiotic Fed 
Symbiotic Starved vs. Aposymbiotic Starved 
Aposymbiotic Fed vs. Aposymbiotic Starved 
>0.9999 
0.9082 
>0.9999 
0.8722 
>0.9999 
0.8839 
0.9335 
0.2365 
0.6942 
0.0822 
0.3682 
0.8720 
0.6891 
0.9032 
0.9318 
0.9745 
0.3345 
0.5794 
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Appendix Table 3: P-values for δ13C and nutritional variables across treatments 
Tukey’s post-hoc multiple comparison tests across treatments for δ13C, %N, %C, C:N, 
and Total Protein.  
Tukey's Post-hoc 
Multiple Comparisons  
 
δ13C ‰ 
Symbiotic 
Fed 
Symbiotic 
Starved 
Aposymbiotic 
Fed 
Aposymbiotic 
Starved 
 
Control vs Ammonium 
 
Control vs Nitrate 
 
Ammonium vs Nitrate 
 
0.6826 
 
0.5765 
 
0.1747 
 
0.9210 
 
0.9407 
 
0.9984 
 
0.2443 
 
0.1013 
 
0.8736 
 
0.8542 
 
0.9750 
 
0.9445 
%N     
 
Control vs Ammonium 
 
Control vs Nitrate 
 
Ammonium vs Nitrate 
 
0.8377 
 
0.8542 
 
0.5200 
 
0.9506 
 
0.9258 
 
0.9972 
 
0.4331 
 
0.6061 
 
0.9542 
 
0.9148 
 
0.9567 
 
0.9922 
%C     
 
Control vs Ammonium 
 
Control vs Nitrate 
 
Ammonium vs Nitrate 
 
0.7247 
 
0.9383 
 
0.5173 
 
0.8892 
 
0.9614 
 
0.7481 
 
0.7612 
 
0.9926 
 
0.8258 
 
0.9279 
 
0.9206 
 
0.9998 
C:N     
 
Control vs Ammonium 
 
Control vs Nitrate 
 
Ammonium vs Nitrate 
 
0.7266 
 
0.8792 
 
0.9572 
 
0.6331 
 
0.8845 
 
0.8962 
 
0.2631 
 
0.0614 
 
0.7103 
 
0.9158 
 
>0.9999 
 
0.9134 
Total Protein (µg/cm2)     
 
Control vs Ammonium 
 
Control vs Nitrate 
 
Ammonium vs Nitrate 
 
0.5916 
 
0.7969 
 
0.2179 
 
0.1666 
 
0.9963 
 
0.1921 
 
0.5463 
 
0.9134 
 
0.3106 
 
0.9620 
 
0.3093 
 
0.4723 
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Appendix Table 4: Means and standard errors for δ13C and nutritional variables 
δ15N, δ13C, C:N, total protein, %N, and %C means and standard errors for all coral 
conditions and all nitrogen treatments. 
Nitrogen 
Treatment 
Symbiotic State/ 
Nutritional Condition 
δ15N 
(‰) 
δ13C 
(‰) 
%N %C C:N Total 
Protein 
(µg/cm2) 
 
Untreated 
 
Negative 
Control 
 
Symbiotic Fed 
Mean 
SE 
Symbiotic Starved 
Mean 
SE 
Aposymbiotic Fed 
Mean 
SE 
Aposymbiotic Starved 
Mean 
SE 
 
 
12.65 
0.51 
 
12.12 
0.48 
 
15.03 
0.26 
 
15.62 
0.26 
 
 
-16.00 
0.72 
 
-15.66 
0.98 
 
-15.93 
0.68 
 
-15.38 
1.03 
 
 
3.22 
0.44 
 
2.78 
0.40 
 
3.03 
0.38 
 
3.42 
0.65 
 
 
25.06 
1.79 
 
22.24 
1.38 
 
18.40 
1.08 
 
22.77 
2.07 
 
 
8.22 
1.02 
 
9.13 
0.72 
 
7.13 
0.61 
 
7.79 
1.22 
 
 
50.86 
7.07 
 
51.31 
5.16 
 
45.57 
3.66 
 
51.22 
5.75 
 
15NH4+ 
Treated 
 
 
Symbiotic Fed 
Mean 
SE 
Symbiotic Starved 
Mean 
SE 
Aposymbiotic Fed 
Mean 
SE 
Aposymbiotic Starved 
Mean 
SE 
 
 
562.30 
52.03 
 
508.97 
64.21 
 
321.34 
39.50 
 
66.02 
38.50 
 
 
-16.76 
0.70 
 
-16.10 
0.70 
 
-14.01 
0.80 
 
-16.05 
0.85 
 
 
3.49 
0.34 
 
2.94 
0.33 
 
2.18 
0.26 
 
3.09 
0.46 
 
 
25.06 
1.79 
 
22.24 
1.38 
 
18.40 
1.08 
 
22.77 
2.07 
 
 
7.49 
0.49 
 
8.19 
0.80 
 
9.44 
1.14 
 
8.31 
0.88 
 
 
63.76 
13.18 
 
71.76 
9.49 
 
37.86 
4.02 
 
48.59 
8.93 
 
15NO3- 
Treated 
 
 
Symbiotic Fed 
Mean 
SE 
Symbiotic Starved 
Mean 
SE 
Aposymbiotic Fed 
Mean 
SE 
Aposymbiotic Starved 
Mean 
SE 
 
 
223.81 
56.50 
 
47.25 
13.21 
 
30.34 
7.55 
 
23.02 
2.59 
 
 
-15.08 
0.48 
 
-16.04 
0.71 
 
-13.43 
0.96 
 
-15.65 
0.71 
 
 
2.96 
0.18 
 
2.98 
0.36 
 
2.38 
0.69 
 
3.18 
0.64 
 
 
22.63 
0.90 
 
24.07 
1.59 
 
19.97 
2.49 
 
22.84 
2.95 
 
 
7.76 
0.28 
 
8.65 
0.63 
 
10.58 
1.20 
 
7.79 
0.47 
 
 
42.43 
3.40 
 
52.19 
8.16 
 
48.46 
6.61 
 
37.13 
5.87 
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Testing Heterotrophic Uptake of Nitrogen using N-labeled Shrimp 
 A parallel experiment was also run in which corals were fed 15N-ammonium tagged 
shrimp. The purpose of this experiment was to attempt to use tagged nitrogen to trace 
heterotrophic feeding. An additional three symbiotic and three aposymbiotic colonies were 
placed in untreated seawater and fed 15N-tagged shrimp (Appendix Fig. 9). Colony pairs 
were comprised of one symbiotic and one aposymbiotic colony and were coupled based on 
the same criteria as quads: similar polyp size and density. Three pairs were assigned to 
every trial and were fed shrimp that had been incubated in 5 µM 15NH4Cl seawater for two 
hours. 
 The results of the analyses for δ15N, C:N, δ13C, %C, %N, and change in 
photosynthetic efficiency in corals fed tagged shrimp showed no differences in N-uptake 
when compared to corals fed standard shrimp (App. Table 5, App. Fig. 10 & 11) with the 
exception of aposymbiotic colonies fed tagged shrimp showing lower total protein than 
symbiotic colonies. It is presumed that this difference is due to differences in symbiotic 
state and not treatment. Previous experiments have indicated that tagging Artemia is best 
accomplished by feeding them algae that has been enriched with 15N DIN is the most 
expedient way to get them to assimilate the nitrogen tag into their tissue (Ezzat et al. 2019, 
Rangel et al. 2019, Krueger et al. 2018, Preston et al. 1996). Additionally, tagged feeding 
experiments involving corals have shown that a much longer time frame (60 days to 87 
days) is needed to see any retention of the tag in the coral tissue (Rangel et al. 2019). As 
such, the tagged shrimp treatment in this experiment is being considered comparable to the 
untreated fed corals. 
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Appendix Figure 9: Parallel tagged shrimp experiment 
Pairs of coral colonies fed brine shrimp that had been incubated in 15NH4+ enriched water. 
Three pairs were included in each of the five trials (N=15).  
 
Appendix Figure 10: Nutritional Variables, Corals Fed 15N-Ammonium 
δ15N, δ13C, C:N, Total Protein, %N, and %C in coral fed shrimp incubated in 15N-
ammonium. Letters denote statistical significance for a one-way ANOVA post-hoc 
multiple comparison test (Tukey’s). N=9. All statistics are listed in Appendix Table 5. 
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Appendix Figure 11: Photosynthetic Efficiency, Corals Fed 15N-Ammonium 
Change in photosynthetic efficiency of corals by symbiotic state fed shrimp tagged with 
15N-ammonium. N=15. All statistics are listed in Appendix Table 5. 
Appendix Table 5: Significance table for tagged shrimp analyses 
One-way ANOVA values for nutritional variables (δ15N, δ13C, C:N, total protein, %N, and 
%C) and paired t-test values for photosynthetic efficiency measurements on corals fed 
tagged shrimp. Significance is denoted with an asterisk and highlighted in gray. 
Tagged Shrimp 
 
One-way ANOVA SS df F P 
 
δ15N 
δ13C 
C:N 
Total Protein (µg/cm2) 
%N 
%C 
 
 
 
42.62 
3.422 
41.65 
4120 
8.612 
87.78 
 
3 
3 
3 
3 
3 
3 
 
12.22 
0.3015 
2.248 
3.304 
1.878 
1.247 
 
<0.0001* 
0.8241 
0.1017 
0.0288* 
0.1532 
0.3091 
 
 Paired t-test  df t P 
 
PAM 
 
 
Symbiotic Fed 
Aposymbiotic Fed 
  
13  
14 
 
0.06660 
1.711 
 
0.9479  
0.1090 
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